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Abstract 
Simple two-step wet-chemical cleans composed of an oxidizing step with in water dissolved ozone (DIO3) followed 
by an etching step have been studied for high-efficient hetero-junction silicon solar cell applications. For this purpose 
textured FZ-Si samples passivated with amorphous silicon were investigated. Especially the effect of metal 
contaminations located at the crystalline silicon surface on minority carrier lifetime was examined. A relation 
between minority carrier lifetime and Ca, Cr and Fe as metallic surface contaminations is shown. 
The results will be compared with those of standard cleaning concepts using different oxidizing solutions such as 
HCl / H2O2 and NH4OH / H2O2. 
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1. Introduction 
Hetero-junction silicon solar cells are of increasing interest, as they present the opportunity of high 
efficiencies (η > 22 %) in combination with low temperature processing. Efficiencies of 23 % on large 
area devices have been attained by Sanyo [1]. The amorphous silicon emitter (a-Si:H(n/p)) is deposited by 
plasma enhanced chemical vapour deposition (PECVD) on a crystalline silicon surface (c-Si(p/n)). Thus 
 
*
 Corresponding author: Tel.: +49-761-4588-5661 ; fax: +49-761-4588-9250 
E-mail address: Florian.Sevenig@ise.fraunhofer.de 
doi:10.1016/j.egypro.2011.06.138
Energy Procedia 8 (2011) 288 293
1876–6102 © 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of SiliconPV 2011.
© 2011 Published by Elsevier Ltd.      
Selection and/or peer-review under responsibility of SiliconPV 2011.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
Florian Sevenig et al. / Energy Procedia 8 (2011) 288–293 289
the pn-junction is right at the interface between a-Si:H / c-Si. Therefore a clean and smooth surface of the 
crystalline silicon is crucial to assure optimal performance and avoid recombination induced by 
contaminations and surface roughness [2]. Most notably, metallic precipitates located at the pn-junction 
are assumed to decrease the cell efficiency [3]. In this work, special attention is paid on metals whose 
energy levels are resident in the middle of the band gap such as Al, Ca, Cr, Fe and Zn as they provide 
detrimental recombination centres. Beneath the oxidation step, etch solutions such as HF (1 %), HF / HCl 
(1 % / 1 %) and NH4F (40 %) have different effects on the removal of metallic contaminations and 
surface morphology due to varying pH values and the potential to form complexes with several ions [4]. 
To determine surface contamination, the wafers are scanned with droplet surface etching (DSE) [5] and 
the resulting sample solution is investigated with inductively coupled plasma mass spectrometry (ICP-
MS). In addition, lifetime samples processed with different pre-deposition cleans for quasi steady state 
photo-conductance (QSSPC) are made. All experiments are carried out on textured wafers to take the 
special geometry of the surface into account.  
2. Experiments 
In all experiments, half 4” float-zone (FZ) p-type Si wafers with a specific resistivity of 1 Ω cm are 
used. As textured surfaces show other conditions due to KOH treatment, random pyramids and inverted 
pyramids were investigated. For the minority carrier lifetime measurements, samples with inverted 
pyramids (IP) are used. IP can be easily processed by etching (100) orientated surfaces with KOH after 
partly masking the surface with an oxide. For droplet surface etching inductively coupled plasma mass 
spectrometry (DSE/ICP-MS) samples, random pyramids (RP) were used as this process is faster and less 
time-consuming. Here, the wafers are simply treated with a KOH / IPA solution. All wafers received an 
RCA clean prior to the texturization process. After texturing, all samples have been cleaned with one of 
the four cleans listed in Table 1. 
Table 1: Cleans applied after texturization process. 
 
Minority carrier lifetime samples were cleaned and subsequently passivated by an intrinsic a-Si:H 
layer of 15 nm thickness. To investigate the influence of storage time between cleaning and a-Si 
deposition, half of the cleaned wafers were processed immediately after the cleaning step, the other half 
was stored in the flow-box for 30 min. Minority carrier lifetime measurements were carried out using 
quasi-steady state photo conductance (QSSPC) in the transient mode. To improve the quality of a-Si:H 
passivation, all samples were tempered at 200 °C for 10 min. Samples processed for DSE/ICP-MS 
measurements were cleaned and subsequently scanned with 500 µl ultra-pure 1 % HF. Again, to 
investigate the influence of 30 min storage on the quality of the cleaned c-Si surface, half of the cleaned 
wafers were scanned immediately whereas the other half was stored under the flow for 30 min before 
scanning procedure. Trace metal measurement were carried out on an ICP-MS. For each cleaning 
Clean Oxidizing step Etching step 
RCA 
1,6 l 25 % NH4OH, 6 l H2O, 100 ml H2O2 spiked in before process 
1,6 l 32 % HCl, 6 l H2O, 100 ml H2O2 spiked in before process 
1 % HF (20 s, RT) 
1 % HF (20 s, RT) 
ONF 10 ppm DIO3 (10 min, RT) 40 % NH4F (400 s, RT) 
OFC 10 ppm DIO3 (10 min, RT) 1 % / 1 % HF / HCl (25 s, RT) 
OF 10 ppm DIO3 (10 min, RT) 1 % HF (20 s, RT) 
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sequence 8 samples were used for DSE/ICP-MS and minority carrier lifetime respectively. The error bars 
result from the standard deviations. 
3. Results 
3.1.  Metallic surface contaminations 
To investigate metallic surface contaminations, all samples were tested for the following metals: Al, 
Ca, Co, Cr, Cu, Fe, Mn, Ni and Zn. The major contaminants found on the wafer surface are Al, Ca, Cr, Fe 
and Zn whereas the others were below the detection limit of the ICP-MS. As a consequence, only the 
detectable metals will be discussed in the following. 
Preeminent is the huge amount of iron present on the wafers after texturing. The concentration in 
at/cm² is about two orders of magnitude higher than those of the other metals. To prove this data, 
independent measurements were carried out. Those measurements confirmed our data.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Metallic surface contaminations (left) directly after texturing and cleaning and (right) the percentage of residual metal 
contamination after cleaning. 
Figure 1 (left) shows the residual contaminations present on the wafer surface directly after texturing 
and after different cleans. In Figure 1 (right), the percentage of residual metal contamination of the 
investigated metals is depicted. It can be seen that the different cleans presented in Table 1 show different 
cleaning efficiencies: 
 For Al, all cleans result in contamination levels between 5 · 1012 at/cm² and 7 · 1012 at/cm². 
The cleaning reduces the metal contamination of about 40-60 %. 
 For Ca, ONF, OFC and RCA achieve the same level of residual contamination whereas OF 
shows higher values after cleaning compared to non-cleaned textured wafers. This increase is 
not understood for the moment and requires further investigations.  
 Concerning Cr, out-of-box wafers show concentrations of about 1012 at/cm². All four cleans 
remove Cr down to a level of about 2 · 1011 at/cm², which means over 90 % reduction of the 
contamination.  
 Directly after texturing, a large number of Fe atoms was found. This number was reduced 
significantly down to values between 6 · 1011 at/cm² and 1 · 1012 at/cm2 for RCA, OFC and 
OF respectively 3 · 1012 at/cm² for ONF. In addition, the Fe values for RCA and OFC show 
very small standard deviations, whereas the values ONF and OF seem to be more scattered. 
Cause of the behavior of ONF in contrast to the other three cleans might be the different pH 
values used. RCA, OFC and OF use acidic etch media in the last step, wherein iron is better 
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soluble [4]. In contrast to that ONF has a pH value of ca. 7,8 [6] and is therefore neutral to 
slightly alkaline. Thus, it might be possible that iron forms bonds to the silicon surface via 
oxygen atoms and can therefore not be removed. Besides that, precipitates in the form of 
Fe(OH)3 on the surface might be possible.  
 Zn contaminations were reduced by all four cleans to al level of 3 · 1012 at/cm² 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Metallic surface contaminations (left) directly after texturing, cleaning and 30 min storage time and (right) the change 
between directly after clean and 30 min storage time. 
Comparing the values after 30 min with those measured directly after the last cleaning step (see Figure 
2), one can see different effects. OFC and OF cleaned wafers are relatively stable over 30 min storage 
time. The reason for a decrease in Ca and Fe after 30 min for OF clean is not clear at the moment. ONF 
clean shows a significant increase in metal contamination. For RCA, especially a strong recontamination 
with Fe can be seen. 
3.2. Minority carrier lifetime after different cleans  
To measure minority carrier lifetime, QSSPC measurements were performed on textured p-type 
1 Ω cm samples passivated by a 15 nm thick a-Si:H(i) layer. As for FZ material the bulk lifetime is very 
high, surface effects have a dominating influence on measured lifetimes. Figure 3 shows measured 
lifetimes for differently cleaned samples. The absolute values are on a very low level. This might result 
from problems during a-Si:H deposition. However, a relative dependency of minority carrier lifetime on 
both, clean and storage time can be observed. 
 
 
 
 
 
 
 
 
 
 
Figure 3: Minority carrier lifetimes for different cleans and 
storage times. 
 
As for the just cleaned samples, best results are shown by RCA cleaned wafers with a minority carrier 
lifetime of 170 µs, followed by OFC and OF cleaned wafers. ONF cleaned wafers only show a minority 
carrier lifetime of 90 µs. The influence of storage time is inconsistent. Whereas the OFC cleaned samples 
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show a slight decrease for the 30 min samples, the RCA and ONF cleaned samples show the opposite 
trend. This difference can not be explained by the different metal contaminations (see Figure 1). One 
explanation can be the different change in surface morphology during the storage time.  
The low lifetimes of ONF cleaned wafers do not match to the ICP-MS results from section 3.1, where 
ONF also reached a low level of residual contaminations. One reason might be the formation of large 
bubbles observed during the etching process with NH4F in this experiment. To become clear about the 
effect of the observed bubbles on the wafer surface, SEM pictures were taken. 
 
 
 
 
 
 
 
 
 
 
Figure 4: SEM pictures showing (left) a normal result after 400 s NH4F etching and (right) a strongly damaged surface after the 
same etching time. 
Figure 4 (left) shows a SEM picture of a typical textured surface after 400 s NH4F etching. Edges and 
tips are rounded to form a smoother surface. The etch pits are the result of reactions with through oxygen 
formed reactants present in the etching solution and has been discussed in [7]. Figure 4 (right) shows a 
picture of a strongly a damaged area on the same wafer. The random pyramids are almost totally 
removed, initiated inverted pyramids appear. This fact has no influence on cleaning efficiency in terms of 
metal removal as one can see in Figure 1, but on minority carrier lifetime. 
3.3. Correlation between metallic surface contaminations and minority carrier lifetime 
To investigate the influence of metallic surface contaminations on minority carrier lifetime, the results 
of 3.2 are compared to those of 3.1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: (left) Contaminations correlated to minority carrier lifetime directly after clean and (right) after 30 min storage under the 
flow-box. The empty symbols show the values for ONF cleaned samples 
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Figure 5 (left) shows lifetimes measured by QSSPC correlated to different metallic surface 
contaminations. Considering the five different investigated metals, Fe and Cr seem to have an influence 
on minority carrier lifetime, as with increasing concentration, lifetime decreases. Al and Zn do not show 
any influence. Ca shows the same behavior as Fe and Cr though at a higher level of concentration, 
disregarding the values from ONF clean because here surface damage might play the major impact on 
minority carrier lifetime. Above discussed correlations are based on the assumption that there is no 
significant difference in residual metal concentration after cleaning between inverted or random 
pyramids. To check this assumption, further experiments have to be made. 
Figure 5 (right) shows the same correlations after 30 min storage under the flow-box. Here, metallic 
contaminations no longer show any influence on minority carrier lifetime. In fact, changes in the surface 
structure e.g. native oxide growth might have a larger effect. 
4. Conclusion 
We could show that DIO3 used with different etch media shows comparable results in metal removal to 
RCA clean. Nevertheless, different cleans result in different effects on minority carrier lifetime and 
cleaning efficiency regarding metallic contaminations. A dependency of Fe, Cr and Ca located at the 
wafer surface and minority carrier lifetime was found. The reason for better lifetimes after RCA clean 
compared to the presented DIO3 cleans might be the double abrasion of damaged and roughened surface 
with two instead of one oxidizing and etching steps. Besides that, RCA cleaned wafers could show a 
different surface morphology. To confirm this, further experiments have to be made. In addition, using 
higher lifetime silicon, i.e. n-type material, might provide a closer look on the influence of residual 
metallic surface contamination on minority carrier lifetime. 
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